Bam35, a 15-kbp double-stranded DNA phage, infects Bacillus thuringiensis. Recently, sequencing of the related Bacillus cereus revealed a 15.1-kbp linear plasmid, pBClin15. We show that pBClin15 closely resembles Bam35 and demonstrate conversion of Bam35 to a prophage. This state is common, as several B. thuringiensis strains release Bam35-related viruses.
Phage Bam35 was originally isolated from Bacillus thuringiensis var. alesti strain 35 (1) . As Bam35 could also be isolated from Bam35-resistant colonies of Bacillus megaterium and from a sensitive strain of B. thuringiensis var. entomocidus, a carrier state has been proposed (1) . Recently, a clear-plaque mutant (Bam35c) was sequenced and further characterized (25) . This work showed that Bam35 is related to PRD1, a linear double-stranded DNA virus with 5Ј-terminal proteins and an internal lipid membrane (4) . PRD1 infects gram-negative bacteria harboring an IncP, -W, or -N conjugative plasmid. Structural analyses of PRD1 have, surprisingly, indicated that this member of the Tectiviridae is similar to the Adenoviridae, Phycodnaviridae, and Iridoviridae, which all infect eukaryotic hosts (9, 24, 33) . This has led to the hypothesis that all these viruses belong to the same lineage, with a common ancestor existing before the separation of the three domains of life (5, 6) .
Phage Bam35 is closely related to Bacillus cereus plasmid pBClin15. Bacilli harbor a large variety of plasmids, which include a linear species of Ϸ15 kb (2, 13, 15, 31, 34) . Recently, the genome sequencing of Bacillus cereus ATCC 14579 revealed the sequence of a linear plasmid (pBClin15) of 15,100 bp (19) . While studying Bam35, we matched putative genes of the pBClin15 plasmid in independent database searches for the Bam35c coat protein and ATPase. After submission of this note, the nucleotide sequence of a linear B. thuringiensis plasmid, pGIL01, which differs from the Bam35c sequence by only approximately 10 nucleotides was published (32) .
To investigate the relationship of pBClin15 to Bam35c (14,935 bp), their genomes were compared. The organizations of the open reading frames (ORFs) of pBClin15 and those of Bam35c are highly similar (Fig. 1) . Moreover, their sequences agree with 45 to 81% identity. The corresponding amino acids have 18 to 88% identity ( Table 1 ). The gene identification of Bam35c (25) was based on the reasonably detailed understanding of the corresponding PRD1 genes (7, 8, 16) . A similar annotation shows that pBClin15 is related to Bam35 and PRD1 (Table 1) . Among the most conserved genes in pBClin15 are those assigned to viral capsid components. These include the major coat protein 15 (corresponding to PRD1 protein P3) and the unique vertex packaging proteins 12, 14, and 16 (proteins P9, P20, and P22, respectively, in PRD1). Interestingly, the most conserved protein corresponds to a LexA-type transcription regulator (17, 21) homologue found in Bam35 but absent in PRD1.
We then explored the relationship between pBClin15, Bam35c, and PRD1 by comparing their major coat proteins. First, the three sequences were aligned ( Fig. 2A) . A model was then made of the pBClin15 protein, based on an earlier threading of the corresponding Bam35c sequence onto the highresolution structure of the PRD1 coat protein, P3 (9, 10; unpublished results) (Fig. 2B) . The three proteins clearly have the same fold, although the sequence similarity between Bam35c and PRD1 is very low (12% identity). In contrast, the Bam35c and pBClin15 proteins are very similar (65% identity), with their differences scattered throughout the molecule (Fig.  2B ). Of note, two regions in PRD1 P3 (the N terminus and I1B2 loop) that interact with the internal membrane (28, 29) are shorter in Bam35c and pBClin15. The N-terminal helix shows some conservation in key residues but lacks the flexible tip of PRD1 P3 (Fig. 2B) .
Plasmid pBClin15 lacks inverted terminal repeats. Microbial extrachromosomal linear elements so far characterized are divided into two groups: those carrying covalently closed ends (hairpins) and those with covalently attached 5Ј-terminal proteins, similar to those in viral genomes (22, 26) . Bacteriophage PRD1 contains inverted terminal repeats, has covalently linked proteins at its 5Ј ends, and replicates using a protein-primed mechanism (3, 7, 11, 30) . Bam35c also has inverted terminal repeats and may have terminal proteins, as suggested by the finding that the migration of Bam35c DNA in agarose gels is dependent on protease treatment (25) . The 5Ј ends of the nearly identical pGIL01 DNA are also protected by terminal proteins: in addition to its similar protease-dependent gel migration, pGIL01 is only degraded by exonuclease III (a 3Ј-nuclease) but not by nuclease (a 5Ј-nuclease) (32) . Comparison of Bam35c and pBClin15 genome termini revealed similar 5Ј noncoding regions (over 70% identity at DNA level) of about equal length, but pBClin15 lacks the inverted terminal repeats.
Phage Bam35c can convert to a prophage. We investigated whether Bam35c can establish a carrier state, as proposed by Ackermann et al. (1) . Lysogenic cell lines were obtained by picking microcolonies from the centers of plaques, as well as from confluently lysed plates of B. thuringiensis serovar israelensis HER1410 (obtained from the Félix d'Herelle Reference Center for Bacterial Viruses, Laval University, Quebec, Canada) infected with Bam35c. To eliminate remaining free phage particles, single-colony isolations were performed (a total of eight passages). Two of the cell lines obtained, named HER1410_L5 and HER1410_L7, were shown to contain Bam35c-specific sequences by PCR from single bacterial colonies (for method, see reference 20) with specific primers hybridizing to the ends of Bam35c genes 6 and 14 (GenBank accession no. AY257527) (Fig. 3A) .
The isolated lysogenic cell lines released viruses into culture supernatants (typically 10 2 to 10 3 PFU/ml after 8 h of growth of cells in Luria-Bertani (27) . The phage were shown to arise from Bam35c by PCR from single plaques (for method, see reference 18) with specific primers as described above (Fig.  3A) . The virus-producing cell lines now carried Ϸ15-kbp DNA elements, the Bam35c prophage, that were not present in the original HER1410 (Fig. 3B) .
Bam35-like prophage are common in bacilli. To check the distribution of similar prophages, we investigated several B. thuringiensis strains from the Bacillus Genetic Stock Center (Ohio State University, Columbus). Of seven strains tested, four released viruses into the culture supernatant that were detectable on the Bam35 host strain HER1410. One of these, B. thuringiensis serovar israelensis 4Q4 (WHO2013-9), was identified as carrying a Bam35c-related prophage by colony and plaque PCR as described above (Fig. 3A) . As with the virus-producing cell lines isolated previously, 4Q4 contains a specific Ϸ15-kbp DNA element not found in HER1410 (Fig.  3B) . Is the Bam35 carrier state maintained by protein-primed replication? The Bacillus anthracis phage AP50 (23) is also related to Bam35 and PRD1 (4) . We have shown here that B. thuringiensis strains carry Bam35-like prophages and that B. cereus plasmid pBClin15 is closely related to Bam35. Obviously, these three bacilli carry related phage/prophage systems. The likely mechanism by which the prophage state is maintained is intriguing. The Bam35c genome, analogously to PRD1, may contain terminal proteins (25) . These proteins are used as primers for initiating replication, and protein-primed replication mechanisms occur in lytic bacteriophages, such as PRD1 and 29, and also in adenovirus and linear plasmids (26) . The idea that protein-primed replication can also operate in the carrier state is novel, as this mechanism has so far not been reported for prophages (12, 14) . As pBClin15 does not contain inverted terminal repeats, it may be a degenerating prophage that cannot give rise to virus particles. These observations open interesting avenues for future research in the Bam35-like virus-plasmid system.
FIG. 2. Major capsid proteins. (A)
A sequence alignment of the major coat protein, P3, of phage PRD1 with those predicted for Bam35c (protein 18) and pBClin15 (protein 15). The Bacillus phages and prophages show high identity (65%; purple), whereas PRD1 P3 is more distantly related (12%, red). The secondary structural elements for PRD1 P3, determined by X-ray crystallography, are shown above the alignment with ␣-helices as rods and ␤-strands as arrows. The two eight-stranded viral jelly rolls that define the structure are shown in green and blue (strands marked B1-I1 and B2-I2 [9] ). Note that the deletions in the Bacillus phage/prophage relative to PRD1 occur in the loops connecting the strands of the jelly rolls. These affect the loops at the top of the molecule forming the viral surface (FG1, HI1, and HI2) and the I1B2 loop at the base (see below). (B) A model of the pBClin15 coat protein based on a threading of the corresponding Bam35c sequence onto the PRD1 P3 crystal structure with the alignment as a guide. The residues that are identical in the Bam35c and   FIG. 3 . Detection of Bam35-related genomes. (A) PCR amplification of Bam35-specific sequences from lysogenic cell lines and plaques with specific primers against Bam35c ORFs 6 and 14, producing PCR products of 235 bp and 810 bp, respectively. Lane 1 contains Generuler DNA ladder mix (MBI Fermentas). Lanes 2, 3, 5, and 7 contain PCR products obtained by colony PCR of host strain HER1410, lysogenic cell lines HER1410_L5 and HER1410_L7, and strain 4Q4, respectively. Lanes 4, 6, 8, and 9 show PCR products obtained by plaque PCR of cell lines HER1410_L5 and HER1410_L7, strain 4Q4, and a Bam35c plaque, respectively. Lane 10 contains the PCR products obtained from purified Bam35c DNA (control). (B) The lysogenic cell lines HER1410_L5 and HER1410_L7 and strain 4Q4 carry Ϸ15-kbp DNA molecules that cannot be found in the original Bam35 host strain HER1410. Lanes 1 and 2 contain purified PstI-digested DNA and purified Bam35c DNA, respectively. Lanes 3 to 6 contain purified DNA (Wizard Genomic DNA purification kit; Promega) from host strain HER1410, lysogenic cell lines HER1410_L5 and HER1410_L7, and strain 4Q4, respectively. The arrowhead depicts the Ϸ15-kbp DNA element found in the lysogenic cell lines and strain 4Q4.
pBClin15 proteins are shown in purple, and the ones that differ are in green. Interactions with the membrane occur through residues in the N-terminal helix and I1B2 loop at the base of the molecule. Both features are shorter in Bam35c and pBClin15 than in PRD1. 
